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Time-frequency coherency analysis of three-component
crosshole seismic data for arrival detection
Andrzej Lesniak" and Hiroaki Niitsurnal
ABSTRACT
A processing method for three-component wide-band
crosshole seismic data is presented. It is based on the
observed phenomena of a decrease in the coherency be-
tween the coda waves recorded by closely spaced sensors
or excited by closely spaced seismic sources. We trans-
fer signals to the time-frequency domain and compute
the instantaneous coherency at each moment of time
between signals propagated on adjacent raypaths. As a
result, we obtain the distribution of the high-coherency
time-frequency areas connected with coherent compo-
nents of the signal. We can then see different modes of
the recorded seismicsignal and identify them as direct P-
and S-waves,reflected waves, and converted tube waves.
A reliable method of evaluation of the onset's time for
different modes of the seismic signal is also proposed.
The technique has good resolution and allows separa-
tion of even very closely spaced wavefield components.
INTRODUCTION
Seismic measurements are used for precise evaluation of
subsurface structure. Such precision is essential in a wide range
of geophysical problems, including hydrocarbon exploration,
geothermal reservoir characterization, or detection of discon-
tinuities in coal beds. Crosshole seismic offers high resolution,
which is appropriate for characterization of the fracture system
of gas reservoirs (Lynn et al., 1995) or hot dry rock geother-
mal sites (Fehler and Pearson, 1984). The resolution of the
crosshole seismic is dependent on the frequency bandwidth
of traces, the acquisition method, and the particular setup of
the experiment. A single fracture or fault affects the seismic
wave propagation only for short wavelenghts compared to
the fracture equivalent thickness (Schoenberg and Haugen,
1995). Shear-wave splitting caused by anisotropy, wave trans-
mission/reflection coefficients of a fracture system, and res-
olution of crosshole seismic are also frequency dependent
(Schuster, 1995).In order to precisely characterize a single frac-
ture or a fracture system, or locate reflection boundaries, mea-
surements made over short distances from the wave source are
preferred because of a higher signal-to-noise ratio (SNR) and
smaller attenuation in subsurface structures. For such measure-
ments, the different modes of the signals overlap each other in
time and give rise to problems in the identification of their on-
sets.Resolution is also decreased due to small-scale variation of
elastic parameters, which generates scattered waves. The scat-
tered waves recorded after the passage of each mode (such as
P-, S-, or tube waves) are called coda waves and are intensively
studied in seismology. It is important to develop a processing
method which suppresses the coda wavesof a wideband seismic
signal and reduces the length of the wavelets related to each
mode. We present here a method of eliminating coda waves
from three-component (3C) wide-band crosshole signals based
on the coherence of waveforms over adjacent raypaths
Coherency analysis is a popular technique to express quanti-
tatively the similarity of time series data. In geophysical explo-
ration, it is used to detect and classifysignals or to evaluate the
delays between them (Foster and Guinzy, 1967; White, 1973;
Neidell and Taner, 1971). Coherency-based filtering has also
been proposed (McGlynn and loup, 1985) for narrow band re-
flection data where body waves may be assumed as stationary
and their parameters, such as instantaneous variance or fre-
quency, may not change in time.
In this paper we deal with wide-band crosshole data, which
are not stationary. Our aim is to evaluate the time-varying in-
stantaneous parameters of the recorded wavefield. We use the
time-frequency coherency (TFC) function to distinguish be-
tween the parts of the signal that consist mainly of coda and
the parts that are similar on adjacent raypaths. It is then possi-
ble to eliminate the coda and other incoherent noise from the
time section. This greatly facilitates the identification and pick-
ing of direct P- and S-body waves and reflected waves. A field
experiment was carried out to test the method. The TFC anal-
ysisof the data demonstrates the effectiveness of the proposed
method.
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In the next section, a theoretical description of the coher-
ence of seismic waves is presented. In that section, we define
the time-frequency coherency function, describe the process-
ing methods, and comment on important processing problems.
This is followed by a description of the field experiments and a
discussion of the repeatability of the wave source. Finally, we
present the results of an identification of the different coherent
modes and evaluation of their onsets.
PROCESSING METHODS
Basic theory
Crosshole seismic signals propagating in inhomogeneous
media consist of several different modes. The most important
are direct body waves, reflected waves, and converted tube
waves. Each of these modes generates coda waves. It is neces-
sary to analyze the coherency of these different modes sepa-
rately because they are generated in different ways.
In crosshole experiments, the body waves, both direct and
those excited by the tube waves, are generated inside or at the
edge of the borehole. If the output of the wave source (e.g.,
an air gun) is consistent and the excited signals are repeatable,
the P-waves generated at two different levels are coherent.
The same is true for the S-body waves. The tube waves are also
coherent and thus we can expect that any tube-wave to body
wave converted phases are also fully coherent, if the conditions
inside the borehole are the same.
In order to evaluate the coherency of the reflected or coda
waves, it is necessary to consider wave propagation in hetero-
geneous media. First, we consider the coherency of the coda
waves.It is known from theoretical studies and numerical mod-
eling that the character of the coda is chaotic and that small
changes of medium parameters cause large changes in the coda.
A theoretical investigation of coda coherency when signals are
recorded by two closely located sensors shows that the cor-
relation coefficient between the coda waves always decreases
with increasing separation of the sensors (Chernov, 1960).The
results of numerical modeling also show that the coherency
function between the coda wave recorded by closely located
sensors decreases with increasing separation of the receivers
(Frankel and Clayton, 1986; Mack, 1974). Coherency of the
coda also decreases with increasing frequency, even for closely
located sensors (McLaughlin and Anderson, 1987).
The above remarks apply to the transmitted wavefield. We
also need to consider the reflected wavefield. The scattering
effects of irregular interfaces can be represented by the con-
volution of the primary wavefield with the interface shape of
the surface in wavenumber space (Aki and Richards, 1980). If
the surface of the reflector does not contain any discontinuities
(e.g., edges of faults) for closely spaced raypaths, the reflected
waves are coherent (Aki and Richards, 1980).
Inconclusion, the coherency for body waves,converted tube
waves, and reflected waves on adjacent raypaths is much larger
than for coda waves.If the separation of the receivers increases,
the coherency of the coda waves decreases much faster than
for the other types of waves. Beyond a certain separation dis-
tance, the coherency of the coda is much smaller than the co-
herency of the other modes. We call this separation distance the
"critical distance." We expect a similar decrease of the coda co-
herency for increasing separation of the wave source. The rapid
decrease of coda coherency is essential for the processing tech-
nique presented here.
Time-frequency coherency function
Crosshole seismic signals recorded from wide-band high-
frequency sources are nonstationary. Their amplitude, fre-
quency content, and phase change abruptly with time. To
identify the coherent modes, it is necessary to analyze the non-
stationary signals recorded by closely located sensors at each
moment of time. Because the frequency range of some coher-
ent modes can be different (main frequency of the tube waves is
generally less than for body P-waves), the analysis is best done
in the frequency domain. To investigate the instantaneous co-
herency of signals Xl (t) and X2(t), the TFC was defined (White
and Boashash, 1990) as
C
A (f) _ SXIXZ(t, j)
XlXZ t, - r=========
JSXIXI (t, j)Sxzxz(t, j)
where SXIXI and SX2 X2 are the instantaneous spectra of Xl(t)
and X2(t), and SXjX2 is their cross-spectrum. To estimate the
power spectrum SXjX; (r, f), i == 1, 2, ... , and the cross-spect-
rum SXI X2 (t, f), we have to use the smoothed short-time Fourier
transform (STFT) of signal x;(t) i == 1, 2, as proved by White
and Boashash (1990). Denoting the windowed Fourier trans-
form as Fx ; (t, f), that is,
FXi(t,j) = I:>-iZrr!Txi(t+r)h(r)dr, (2)
where h(r) is the analysis window, we define the estimator
for SXjXj (t, f) as the average of p adjacent periodograms
IF; (r, f)12, k == 1, ... , p (Welch, 1967):
I
A 1~ I k IZSXiXi(t, j) = - L...J Fx/t, f) ,
P k=l
and for SXjXzCt, f) as
A 1~ k *kSXIXz(t, f) = - L...J FX1(r, f)Fxz (t, f).
p k=l
The averaging of periodograms is necessary to decrease the
high variance of the periodogram.
It was shown by White and Boashash (1990) that the TFC
has useful properties for cross-spectral analysis. The TFC is a
complex function, and its modulus can be interpreted as a time-
and frequency-dependent correlation coefficient. Values near
zero over a wide frequency range indicate that the processes
are nearly uncorrelated at that time, whereas values near unity
suggest that the processes are highly correlated. The duration
of h(t) should not be too large because of the possibility of
mixing between segments of Xl (r) and X2(t) with different sta-
tistical properties. Conventional practice is to use a window
length roughly equal to the longest period of interest in the
signal. In this paper, all processing uses a 5-ms window except
where stated.
Discussion
In our analysis, we computed the TFC between the two dif-
ferent signals Xl (r) and X2(t) excited by a wave source located
Downloaded 15 Sep 2011 to 130.34.134.250. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/
Time-Frequency Coherency Analysis 1849
at two different depths in the borehole and propagated on two
different but adjacent raypaths.1f the relative separation of the
raypath is greater than the critical distance, the evaluated func-
tion should have values near 1 for the analysis window where
coherent modes appear. When incoherent waves dominate, the
resulting value is significantly smaller.
It is important to note the good resolution of the TFC
method. The coda changes in time and is time delayed rela-
tive to the particular mode from which it was generated. The
amplitude ratio of the coherent mode to the coda is high at the
onset of the coherent mode and then decreases with time. This
means that if the energy of the coherent modes is greater than
the energy of the excited coda, the coherency function is close
to 1 at the onsets of the coherent modes. As a result, relatively
small parts of the two signals will have coherency close to 1.
This is the most important advantage of this technique com-
pared to time-frequency representations of the signal energy
(Lesniak and Niitsuma, 1995).
One potential problem with this analysis appears if the SNR
inside the analysis window is low. The value of the coherency
function depends on the ratio of coherent to incoherent parts of
the signals. Incoherent noise includes at least electric noise and
coda. Electric noise normally is stationary and has low energy,
so its influence on coherency is small. On the other hand, coda
waves are nonstationary. If their amplitude is high compared
with the amplitude of coherent modes, their influence will be
high and the resulting coherency will be small. It is therefore
important to realize that some coherent modes buried in high-
energy incoherent noise cannot be detected using this method.
The second important problem in the detection of coherent
modes is connected with the directional sensitivity of the re-
ceiver. If the sensor is oriented along some fixed direction in
space (say the x direction), its sensitivity to coherent waves
coming from directions much different from x is small, and the
recorded amplitude of this wave issmall. Coda waves may come
from many different directions, including directions at which
the sensitivity of the sensor is high. Thus their amplitudes can
be similar to, or even greater than, the recorded amplitudes of
coherent waves. As coda waves are incoherent, the compos-
ite signal (sum of the coherent wave and the incoherent coda)
has low coherency. To avoid this problem and detect coher-
ent waves coming from any direction, we use three component
sensors and evaluate the TFC separately for each component.
The third problem is connected with the short analysis win-
dow we use to identify the different modes over the recorded
traces. It is impossible to increase resolution both in time and in
the frequency domain. A short analysis window results in good
resolution in time and poor in the frequency domain. Since we
are interested in the location of the coherent modes in time,
we can use a short analysis window.
Due to receiver separation and variation of the propagation
velocity, the same modes on the adjacent raypaths are time de-
layed. The analysis window we use for the TFC evaluation is
wider than these traveltime delays. To keep the analysis win-
dow short, the separation of the air-gun positions has to be
small. This guarantees short time delays between the coherent
modes over adjacent traces. Thus, it is necessary to find such
a minimum separation of the air-gun positions. We call this
critical separation a "critical" distance, and define it as a sep-
aration between the raypaths beyond which the coherency of
the coda is much less than the coherency of the body, reflected,
and tube waves. This critical distance needs to be identified
experimentally.
In order to use the TFC, it is necessary to check whether the
output of the wave source is stable. A stable source should gen-
erate highly coherent waves over a wide frequency range. Ifwe
evaluate the TFC beyond distances above the critical distance,
we find that the function is stable, and we can identify the high
coherency parts of signals as those connected with coherent
modes such as body, reflected, or converted tube waves.
FIELD EXPERIMENT
Data acquisition
Crosshole data were acquired with a 3C seismic detector
(Niitsuma, 1989) at the Higashi-Hachimantai field, Iwate Pre-
fecture, Japan. The boreholes were drilled into welded tuff to
different depths in the field. The tuff at the experimental depth
is homogeneous, and the only strong reflector is a thin silt layer
detected at the depth of 385.4 m in well E-3. The velocities for
compressional and shear waves are 2710 mls and 1730 mis,
respectively, and they are almost constant between 280- and
385-m depth in this area. The water-level depth changed from
80 to 100 m in different wells. We used a 3C seismic detector
(Niitsurna, 1989) developed at Tohoku University. The sam-
pling rate was set as 50 kHz, and the whole waveform was
recorded.
We carried out two experiments. Figure 1 is a cross-section
of these experiments showing the positions of the wells and
particular raypaths. The aim of the first experiment was to de-
termine the critical distance between the air-gun positions be-
yond which the coherency of the coda waves on adjacent ray-
paths is much less than the coherency of the body waves. In
this experiment, the detector was set at a depth of 382 m in
well E-3, 3.4 m above the silt layer. We changed the position
of the air gun (a Bolt DSH-5500) in well EE-4 in 20 em steps
from 347 m up to 345 m. The aim of the second experiment
was to test the resolution of the processing method based on
the TFC functions for separations overlapping modes. During
this experiment, the position of the detector was the same as in
the first experiment, but the depth of the air gun was changed
from 335 m to 315 m in l-m steps.
Source repeatability
The first problem which needs to be considered is the re-
peatability of the air gun. Traces recorded at the same receiver
from the same source at different times have to be the same. If
we compute the TFC of such traces, we can determine the time
and frequency range of their stable component. Because of the
short distance between the source and receiver in our experi-
ment, the detected frequency range of the signals is relatively
wide-from 100 Hz to 5 kHz. Higher frequency incoherent en-
ergy is expected to appear due to bubbling in the borehole.
The example of two traces (x component) recorded at a depth
of 382 m before stacking is presented in Figure 2a. The two
waveforms are coherent over a wide frequency range (up to
2.5 kHz) at the beginning of the record; then, the frequency
bandwidth of the high-coherency region gradually narrows.
To reduce the incoherent signals and increase source repeat-
ability, we need to stack the traces. To examine the increase of
coherency after stacking, we recorded ten traces from the same
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RESULTS
Detection of the coherent modes of the wavefield
Two TFC distributions for separations between the air-gun
positions of 0.2 and 1.2 m are shown in Figure 3. The high-
coherency area ismuch larger for the 0.2-m separation. In order
to quantify the coherency, we evaluated the normalized area
of high coherency (integrating the area in the time-frequency
domain where coherency is above 0.85 and dividing it by the
total area of integration), which often refers to fractional co-
herency. To evaluate the area of high coherency for the sum
of x, y, and z components, we have considered the whole area
where the coherency of one of the components x, y, z was
greater than 0.85.The evaluated area is a minimum area which
covers the areas of high coherency of the x, y, and z compo-
nents. The results for the x, y, z components and the sum are
shown in Figure 4. The fraction decreases rapidly with increas-
ing separation up to 0.8 m and then remains constant. As was
stated before, the coherency of the coda components compared
with the coherency of the reflected, body, and tube waves de-
creases quickly with increasing the relative separation of the
receivers. The result obtained here shows that there is a similar
relationship between the coherency and the separation of the
wave-source positions. This suggests that one of the essential
parameters which determine the coherency of the coda is the
separation of the raypaths. It is shown in Figure Sa that the
critical distance does not change with the coherency level. The
length of the analysis window does not change the value of
the critical distance as well, as is shown in Figure 5b. As a re-
sult, if the positions of the air gun differ by more than 0.8 m, we
can assume that the coherency of the signals between adjacent
raypaths has a value close to 1 only for reflected, body, and
tube waves.
According to the results of the first experiment, the distance
between the positions of the air gun has to be greater than
0.8 m. In the second experiment, for convenience, it was set at
1 m. The z components of the waveforms recorded by the 3C
receiver during this experiment are shown in Figure 6.The most
distinctive arrivals on this time section are the low-frequency
converted tube waves generated at the bottom of the EE4 well.
The strong and high-frequency coda excited by the body waves
overlay the first tube wave, especially for deep raypaths. The
time-frequency power spectrum of the signal recorded by the
z-component sensor at 315 m is shown in Figure 7. The reso-
lution in the frequency domain is small due to the short anal-
ysis window of 5 ms. In spite of such a short analysis window,
it is almost impossible to distinguish any mode in this figure
except the tube waves. In Figure 8, the TFC for the z compo-
nent between the waveforms recorded from 315 and 316 m is
shown. The signals are coherent mainly in the low-frequency
range. The isolated areas with high coherency (over 0.9) are
presumed to be the onsets of coherent modes such as the P-
and S-body waves, reflected waves, and secondary waves gen-
erated by the air gun. It is important to note that only small
parts of the adjacent signals are coherent. The regions of low
coherency are presumed to contain mainly the coda energy and
other incoherent noise.
For effective comparison of the coherency function for dif-
ferent raypaths, it is convenient to convert the frequency-time
dependent function to time dependent only. Ignoring all the
330m
Om10m20m
LEGEND
:If: 315m - Position and Depth of Air-Gun
I 382m - Position and Depth of Detector
==--- -Firstexperiment ray paths
-Second experiment ray pathsI EE4 - Well Positions
•J -Location of
/ the Artificial Fracture
We have evaluated the TFC for different separations of the
raypaths using the data recorded during the first experiment.
Critical distance
FIG. 1. Positions of the wells and raypaths during the experi-
ments in Hachimantai field, Japan. The horizontal scale is ex-
agerated 2.5 times.
----- ---1 355m
1-----+-------+---------' .---1+---1 380m
source set at a depth of 347 m. In order to eliminate the effect
of changing conditions inside the borehole (due to the vary-
ing content of bubbles in the borehole flush), we stacked the
odd traces (1,3, ... , 9) to create one stacked trace and the even
traces (2, 4, ... , 10) to make the other one. Then we calculated
the TFC functions of these two stacked traces. The result for
the x component is shown in Figure 2b. The two stacked traces
now appear to be coherent up to 4 kHz at the beginning of the
record, then the bandwidth falls to 2 kHz and below. Compared
with Figure 2a, there is a significant enhancement of the sig-
nal coherency after stacking, especially in the high-frequency
range. During further experiments, we stacked five shots at
each position of the air gun in order to improve the stability of
the signal.
As a result of this analysis, we have determined the time and
frequency range of the coherent modes of the stacked traces.
Any time and frequency range of the coherent modes evaluated
for other traces should lie within that of the stacked traces.
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data above 2 kHz, we project the coherency onto the time axis.
The values of coherency function at each time are integrated
to obtain an instantaneous coherency for each component (as
in Figure 9). To increase contrast, values lower than 0.9 were
not shown in this figure. Because of directional sensitivity of
the receiver some modes are clearly visible only on one of
the components (for example the direct P-wave and the wave
reflected from the silt layer). To avoid this problem, the result-
ing instantaneous coherencies for the x, y, and z components
are added to obtain a single instantaneous coherency, which is
independent of the direction of the incident wave.
A section made up of these instantaneous coherency func-
tions is shown in Figure 10. Each trace is an instantaneous
coherency between the adjacent raypaths. For example, the top
trace is the instantaneous coherency between the waveforms
excited at 315 and 316 m, and the second is between those ex-
cited at 316 and 317 m. The waveforms were converted into
separated areas of high relative coherency. The predicted ar-
rival times of the body P-wave, S-wave, and tube wave are
a)
N
I
.......
marked in this figure. As the first tube wave is overlapped by
the high-frequency body wave coda (see Figure 6), the area
of high coherency (>0.9) for this part of the signal is small.
The high coherency areas for the second and third tube waves
are significantly larger. The low frequency coda which exists
in this part of the section is excited mainly by the first tube
wave.
If we are interested in the extraction of the high-frequency
reflected P-wave, we can use a short analysis window, which
increases resolution in the time domain. Figure 11 shows the
enlarged area at the beginning of the record in Figure 10. To
evaluate the TFC, the window length was halved (to 2.5 ms).
In Figure 11, we can distinguish the direct P- and S-waves,
P-waves reflected from the silt layer, and the first converted
tube waves. The relative time delay between the direct and
reflected P-wave is less than 3 ms. It is impossible to identify
the reflected wave in the time section (Figure 6) because the
wavelets of the direct and reflected modes of the signal are
superimposed.
Coherency
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FIG. 2. Improvement of the coherency after stacking for the two traces recorded in the first experiment. Time-frequency coherency
between (a) two unstacked traces recorded at the same depth of the air gun (382m) and the same depth of the receiver (347 m) in
the boreholes; (b) two stacked traces recorded at the same positions of the air gun and the receiver. The result shows improvement
of the coherency, especially in the high-frequency range. The Nyquist frequency is 25 kHz.
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Arrival picking
The time delays are computed only for those frequencies
and instants of time where the amplitudes of the TFC are
high (over 0.9) because any results obtained for times where
In the evaluation of the particular modes arrivals, it is nec-
essary to distinguish two cases. The first case is the absolute
time of the onset (relative to the shot time), and the second
is the relative time delay between the same mode on adjacent
raypaths. Here we focus on the second case.
To evaluate relative time delays, it is necessary to recog-
nize and isolate the particular mode of interest, for exam-
ple the reflected P-wave on the instantaneous coherency sec-
tion. The TFC is a complex function TFC(t, I) = A(t, I) +
i B(t, I) (where i =.J=I) and the phase <P(t, f) =arctan x
[B(t, f)/ A(t, I)], which can be used for evaluation of the rela-
tive time delays between the same modes on adjacent raypaths:
1
DT(t, f) = -2¢(t, f).
nf (5)
coherency is low have no physical meaning (the waves inside
the analysis window have different frequencies). For each sep-
arate mode, we can find the moment of time tm ax where the in-
stantaneous coherency has a maximum value (Figure 12).Since
a short window is used (low resolution in frequency domain),
we can average the time delay evaluated using equation (5)
over all frequencies where the TFC is greater than 0.9:
- 1,,1
DT(tmax) = /::"f 7 2nf¢(tmax, f), (6)
where /':,.f is frequency bandwidth where the TFC is greater
than 0.9. This average time delay is regarded as the best esti-
mate of the time delay between the same modes. Determin-
ing the absolute onset time is a more difficult problem. Un-
fortunately, the time of the maximum for each instantaneous
coherency distribution is not sufficient for the absolute de-
termination of the onset of the coherent mode-the onset of
the detected coherent mode lies somewhere inside the analy-
sis window. To determine the absolute onsets of the coherent
a) 3000
2500
N
~ 2000
>-o
C 1500
Q)
::J
CY 1000~
LL
500
Coherency
0.
9901
0,970.... ••...
0.950
0.930
0,910
0,890
0,870
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0.02 0.D3 0,Q4 0.05 0.D6 0,07 0.08 0,09 0.1 0,11 0.12 0,13 0.14 0,15 0,16 0,17
Time (s)
b) 3000
2500
N 2000
6
>- 1500o
C
Q) 1000::J
CY
Q)
.... SODLL
Coherency
0,02 0.03 0,04 0,05 0.06 0,07 0.08 0.D9 0.1 0,11 0,12 0,13 0,14 0,15 0,16 0,17
Time (5)
FIG. 3. Comparison of the time-frequency coherency (data recorded in the first experiment) for different separation distance of the
air gun: (a) 0.2 m, (b) 1.2 m. The high-coherency area of the first separation is much larger than that of the second one because not
only the P-, S-, and tube waves, but also the scattered waves (coda) are highly coherent on adjacent traces for smaller separation.
For larger separation, the coherency of the coda waves is smaller than the coherency of the other waves.
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FIG. 4. Fractional area of high coherency versus the separation
distance between the air-gun positions. The sum of the x, y, and
z components means a union of the areas of high coherency of
these three components. The fractional coherency decreases
rapidly because of the decrease of coda coherency. The critical
distance beyond which the area of high coherency is almost
constant is 0.8 m.
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mode, it is necessary to determine the onset of this mode,
Tt prior" on one record (for example, the first one) using
an independent technique [for example, hodogram analysis
(Moriya and Niitsuma, 1996)]and then adding the relative time
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FIG. 6. Waveforms recorded by z component of the receiver
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To evaluate the time location of the P-wave reflected from
the silt layer, we used the signals recorded by the z component
of the 3C detector. The beginning of the section of instanta-
neous coherencies is shown in Figure 13.We can distinguish the
direct P-wave (curve 1) and P-wave reflected from the silt layer
(curve 2). In Figure 14, the results of the absolute onset time
location for reflected P-wave using equations (5) and (7) are
presented. Figure 14a shows the relative time delays between
delays for other records:
i-I
1; = Ttpriori +L DT(tk).
k=l
(7)
the reflected waves on the adjacent raypaths. Figure 14b shows
the absolute onset time of the reflected wave. The onset of the
reflected wave for the first record Tt priori has been evaluated
using hodogram analysis.
As a result of our analysis, relative time delays less than 1 ms
have been evaluated, which makes it possible to determine the
position of the reflector with precision greater than 1 m. The
method presented here allows for separate evaluation of the
onsets of different modes of the seismic signal. The criterion of
high coherency (over 0.9) between the two modes guarantees
that the resulting delay has a physical meaning (we obtain the
time difference between really existing modes). The method is
more reliable than picking the onsets of the particular mode
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FIG. 7. Time-frequency distribution of the signal excited at 315-m depth during the second experiment. The poor resolution in the
frequency domain (strong O-Hzcomponent) is due to a short analysis window.
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FIG. 8. Time-frequency coherency ofthe signals recorded at depths of 315 and 316m shows better resolution than the time-frequency
distribution. It locates all coherent modes in spite of low energy (coherency is a normalized function). The worse resolution in the
frequency domain is once again caused by a short analysis window.
Downloaded 15 Sep 2011 to 130.34.134.250. Redistribution subject to SEG license or copyright; see Terms of Use at http://segdl.org/
Time-Frequency Coherency Analysis 1855
directly from the time section (even after some deconvolution)
and is expected to help in precise interpretation of wide-band
crosshole seismic data.
CONCLUSION
The aim of this work has been to suppress the coda compo-
nents of the signals of the wide-band high-frequency seismic
data. Different kinds of filtering may be used to obtain similar
results. However, most of them use a priori assumptions about
the recorded waveform, such as a mathematical model of the
wavelets or the geologic medium, and this approach may no
longer be appropriate for wide-band high-resolution seismic
data. In our analysis of such data, we used the principle of
coherency between waveforms on adjacent raypaths. The cri-
tical distance over which the coherency of the coda decreases
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Fio. 9. Comparison of the time-frequency coherency of x, y, and z components and their sum projected onto
the time axes for depths of 315 and 316 m (instantaneous coherency values of less than 0.9 were neglected).
The direct P-wave is visible only for the x component; the wave reflected from the silt layer is visible for the z
component only.For the sum of x, y, and z components, both waves are visible.
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FIG. 12. Schematic illustration of the evaluation of relative time
delays. Because of a short analysis window and low resolution
in the frequency domain, it is necessary to average the time de-
lays. The averaging is made for the instant of time determined
by the maximum of instantaneous coherency. The average time
delay is taken over frequencies where TFC > 0.9.
FIG. 13. Instantaneous coherency between adjacent raypaths
evaluated from the z component only. For greater depths, the
reflected wave (2) is buried in the incoherent coda of the direct
body P-wave (1), and instantaneous coherency is small.
was determined in an experimental way.We did not make any
assumptions about the rock structure and the form of the in-
cident signal. As a result of the analysis, we have identified
the different modes of the signal generated by the seismic
source. Further investigation (such as polarization analysis be-
tween the same modes on adjacent raypaths) can then focus
only on the coherent parts of the signals. Because of its flex-
ibility, the processing method presented here can be applied
not only to 3C multisource crosshole data. Good results can
be obtained in each wide-band seismic method such as lC,
array, or multireceiver measurements in boreholes. Although
the method is limited to wide-band seismic data, it seems to be
promising for efficient interpretation of subsurface structure.
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